The results of simulations of transient multicomponent surface diffusion in a microporous adsorbent are given for various conditions. The generalized Maxwell-Stefan theory was applied to describe the diffusion phenomena. The diffusion equations were solved numerically. The tranqient uptake of a binary mixture and the counterdiffusion of two sorbate species in a slab were simulated. Some striking phenomena of multicomponent diffusion are presented. The relation to the approximate solution obtained by the linearized theory of multicomponent mass transfer is discussed. The simulations are compared with various results found in the literature.
simulated numerically by Round et al.' (using a simplified Onsager approach, neglecting cross terms). Marutovsky and B u l~w~'~ described multicomponent diffusion in zeolites by the generalized Fick approach and the linear driving force model. Krishna' applied the generalized Maxwell-Stefan (GMS) approach to surface or temperature activated diffusion. The linearized theory of multicomponent mass transfer839 was used to obtain solutions of the last two models mentioned.
Here, the objective is to numerically simulate the transient uptake of mixtures in microporous adsorbent particles, with the most rigorous model possible, thereby avoiding the earlier used approximations.
THEORETICAL
The transient diffusion behaviour of a binary mixture in an infinite plane slab is simulated. The equation of continuity or conservation of mass connects concentration and diffusive flux in the adsorbent: n, v,ei(z, t ) + V = J~( Z , t ) = o ( i = 1, 2 ... n) .
We may combine this equation with an equation describing the phenomenon of the diffusive surface flux to obtain the diffusion equation. To this end the generalized Maxwell-Stefan equations were applied. This results in a set of nonlinear coupled partial differential equations (PDE). With the proper initial and boundary conditions this is sufficient to determine uniquely the functions Oi(z, t ) .
Generalized Maxwell-Stefan Theory
The generalized Maxwell-Stefan equations7
n , B i j employ the gradients of the chemical potentials as driving forces, in agreement with the theory of irreversible thermodynamics. The influence of the substrate is incorporated in the model by considering the vacant sites V to be the ( n + 1)th constituent of the system7. It is pseudo-species to which thermodynamic quantities can be assigned. Only n GMS-equations are independent because the Gibbs-Duhem equation gives an extra relation. Surface diffusion is a special case. There can be no drift velocity of the ( n + 1) component mixture. Since the total number of sites is fixed, the vacancy flux balances the fluxes of adsorbed species. For sorption of two species the physical interpretation of Eq. ( 2 ) is as follows'o. The driving force of component 1 is balanced by the frictional drag on molecules 1 moving past those of component 2 with a relative velocity ( u l -u 2 ) , weight factor 0102 and inter-molecular drag coefficient l/ka,, and of molecules 1 moving past the surface sites (component V ) with a relative velocity (ul -uv), weight factor 1 9~8~ and drag coefficient l/dIv. The Onsager reciprocal relations show that the GMS diffusivities are symmetrical:
The GMS diffusivities giV can be related to single sorbate diffusivities'. The GMS diffusivity BIZ, describing the interchange of species 1 and 2 adsorbed on the surface, is interpolated between two limiting values by the multicomponent Vignes equation'
The gradient of the chemical potential can be expressed in the gradients of fractional coverages:
The result is that thermodynamic factors Tij are introduced in the equations. These factors increase with total occupancy in the case of convex isotherms. For a Langmuir type adsorption isotherm
1 + 2 bjpj j = 1 describing the equilibrium between an ideal binary gas mixture and a solid adsorbent, the factors are given in the Appendix (Eq. In general, different saturation capacities n, will exist for different molecules. The surface occupancies may be expressed in the number of sites covered per unit area instead of the number of molecules adsorbed per unit area. The total number of sites may be defined by e.g. TI,,', the saturation capacity of species 1. By this definition the number of sites is fixed and the vacancy flux balances the fluxes of sites covered by species 1 and 2. We only have to multiply the flux of sites covered by species 2 by ns,2/ns,l to obtain the mole flux of species 2. The values of gij do not depend on the definition.
Numerical Solution Method
The differential equations describing the model are non-linear and must be solved numerically. The continuum equations were discretized in the x-coordinate by an explicit finite difference approximation". This leads to a set of coupled first order differential equations for each slice. The discretized versions of the PDE's were integrated in time using a fourth-order Runge-Kutta procedure with variable stepsize. The procedure solves stiff equations by a semi-implicit method and non-stiff by an explicit method. The Runge-Kutta procedure estimates the stepsize within the maximum stepsize At allowed. The finite difference approximations for the fluxes are: The local truncation errors introduced by these boundary layer effects do not penetrate the solution and decay provided the method is stable. The stability, the growth of the deviation from the true solution, cannot be derived for a non-linear problem. In that case the stability does not only depend on the finite difference scheme but also on the solution being obtained. If the solution becomes unbounded for bounded input values and oscillates with increasing amplitude it is termed unstable.
RESULTS AND DISCUSSION
Simulations were performed at boundary conditions near saturation. In this situation the molecules will hinder each other most and multicomponent effects are likely to be more pronounced.
EfSect of Grid Size
The behaviour in the boundary layer is the main concern. The finite difference approximation is a poor one at the boundary where the gradients at the start will be infinitely large. Use of Eq. (10) leads to stable solutions depending on the input values. The local truncation errors decay and an accurate solution is obtained. This is shown in Fig. 1 (solid curves 2-4 
Eflect of the Ratio of GMS Digusivities and the Boundary Conditions
The transient uptake of a binary mixture of sorbate molecules was simulated for several diffusivity ratios 91v/5B2v. This is shown in Figs 2 and 3 for different boundary conditions. In all cases a maximum in the uptake of the fastest diffusing species 1 is observed. The height of the maximum relative to the equilibrium value is approximately the same in Figs 2 and 3. Decreasing Blv results in a lower and broader maximum. The uptake of species 2 is not much affected by variation of 9,". The ratio of the uptake of both species is nearly constant up to the maximum in the curve. From then on molecules 1 are replaced by molecules 2 and the curves are symmetrical with respect to a horizontal line in Figs 2 and 3. The counterdiffusion behaviour, the (partial) replacement of species 1 by species 2 and vice versa was also simulated. Both cases are shown in Fig. 4 . The exchange of the slow diffusing component by the fast diffusing component is faster than the exchange of the fast diffusing component by a slow diffusing component. The numerical solution leads to the same result as the approximate solution by Krishna'. The uptake of species 1 and desorption of species 2 is accelerated because the decreasing frictional drag ( 1/Bl2) between these components with increasing concentration of species 1 (Eq. (5)) facilitates the interchange of molecules 1 and 2.
Concentration Profiles
The concentration profiles in a half-slab are shown in Fig. 5 for various Fourier numbers. The solutions are symmetrical with respect to the center of the slab. At the start both species diffuse in the direction of decreasing concentration. For 0.01 < < F o c 0.12 species 1 diffuses against its gradient and the local concentration of this species exceeds the equilibrium concentration. This behaviour can be understood from the physical picture of the GMS-model. The gradient of the chemical potential of species 2, the thermodynamic force of component 2 acts on component 1 via the friction of molecules 2 on 1. Where the gradient of species 2 is large, this may lead to species 1 diffusing against its gradient. Beyond the maximum ( F o > 0.12) the profiles have become symmetrical with respect to a horizontal line in Fig. 5 and counterdiffusion sets in.
Comparison with the Approximate Solution
The GMS model for transient uptake in microporous sorbents was solved by Krishna7 using the linearized theory of multicomponent mass t r a n~f e r "~. This theory relies on the assumption of constancy of the Fick diffusivity matrix [D] along the diffusion path. However, [D] is a function of the concentrations and will have to be calculated at average concentrations when using this method. With this assumption, the uptake of n species is the n-dimensional matrix analog of the single sorbate uptake solution 
Comparison with Experiment
The simulations in Figs 2 and 3 are very similar in shape to measurements of the transient uptake of nitrogen and methane in zeolite A by Habgood'. The loading of nitrogen overshoots its equilibrium value as in Fig. 2 . For a higher boundary concentration of nitrogen it overshoots the loading of methane as well, as in Fig. 3 . The same was observed4 for the mixture uptake of benzene and heptane in zeolite X. The uptake of mixtures of carbon dioxide and sulfur dioxide in mordenite was studied by Ma and Roux'. These uptake curves are very similar in shape to the simulations in Fig. 2 .
CONCLUSIONS
Solutions of the GMS model for surface diffusion were obtained by this numerical method. The solutions for transient uptake compare well with experimental transient uptake curves of binary mixtures in zeolites found in the literature. The simulated concentration profiles in a slab clarify the multicomponent diffusion effects found in zeolites.
To apply the Maxwell-Stefan approach in the description of transient multicomponent surface diffusion a numerical solution method is necessary. Application of the linearized theory may lead to a significant deviation. The reason for the different results is the strong dependence of the Fick diffusivities on the concentrations in a Langmuirian sorbed phase, especially when the total occupancy of the sites is high. This dependence is mainly due to the influence of the thermodynamic correction factors in the Fick diffusivities. Adsorption isotherms for microporous sorbents are usually strongly non-linear and near saturation this leads to a high sensitivity of these factors on concentration. The linearized theory relies on the assumption of constant Fick diffusivities along the diffusion path. In many cases of surface diffusion this assumption is not a good one at the start of the uptake and errors will occur i n this region of the solution.
-Kurta procedure. A , , = 9 1 v ( e 1 9 2 v + (1 -6 1 ) 9 1 2 ) / ( 0 1 9 2 Y + 0 2 9 l Y + e v 9 1 2 ) A 1 2 = ~1 9 2 " ( 9 * V -9 1 2 ) / ( e 1 9 2 v + f 3 2 9 1 v + 0 v 9 1 2 ) A 2 1 = e 2 9 1 v ( 9 2 v -9 1 2 ) / ( & 9 2 v + 0 2 9 1 v + & 9 , 2 ) A 2 2 = 9 2 v ( e 2 9 1 v + (1 -0 2 ) 9 1 2 ) / ( 6 1 9 2 v + 0 2 9 1 v + &%2).
(14)
The elements of the matrix of thermodynamic factors [f] in the case of a binary Langmuir adsorption isotherm are:
, r l l = 1 + r 1 2 , 61 r12 = -___ 1 -el -e2
, rt2 = 1 + r Z i . 
